ABSTRACT To optimize input current distortion, output voltage fluctuation, and other problems caused by a three-phase to single-phase matrix converter (3-1 MC) under unbalanced input voltage, the harmonic characteristic of the 3-1 MC input current is analyzed. A control strategy based on virtual dc current is proposed using input positive-sequence voltage as current reference vector, which avoids the dividing error of input sector by the positive-sequence voltage as reference vector. Through dynamic modulation ratio and stable output voltage, a pseudo-dc current is synthesized after the output phase current and decoupling phase current are modulated. A closed-loop control system is designed using the virtual dc current and deduced 3-1 MC mathematical model. Finally, the control strategy is validated by simulations and experiments and the control target of the input current harmonic and output voltage stability is achieved. The effectiveness and practicability of the control strategy are confirmed.
INDEX TERMS Power compensation, three-phase to single-phase matrix converter, virtual dc current, closed-loop control.
I. INTRODUCTION
A three-phase to single-phase matrix converter (3-1 MC) can provide a flexible variable frequency transformer for singlephase load and has good application prospect in the fields of electric heating system [1] , airport power supply [2] , and rail transportation [3] . However, direct-type 3-1 MC has no intermediate energy storage link, and output voltage is directly from the synthesis of input voltage. Thus, when the input side of the power system presents three-phase voltage imbalance, it will directly affect the quality of 3-1 MC's output voltage. Simultaneously, the input current will be distorted, resulting in a low input power factor and causing harmonic pollution to the power system.
Previous studies have investigated the control method of three-phase to three-phase matrix converters under unbalanced input voltage. One study [4] , [5] injected a negative sequence into input voltage modulation vector and superimposed the virtual rectifier duty ratio of the positive-and negative-sequence components; the virtual rectification link duty cycle is determined, but the real-time and synchronization requirements of the positive-and negative-sequence calculation are high, with large difficulties and errors. Another study [6] adopted the real-time adjustment of input vector; the output voltage waveform's quality improves under unbalanced input condition because the system requires real-time detection of input voltage vector amplitude and power factor angle, with a large calculated amount. Two other studies [7] , [8] adopted feedforward compensation to modulate control; the carrier signal was modulated to improve the output, but the virtual rectification part was phase-controlled rectification, so the input current harmonic component increased. Another study [9] stabilized the output voltage using the dynamic modulation ratio to counteract the impact of input voltage changes on output voltage, but the spectrum of the input current did not improve.
However, research on the control of 3-1 MC under unbalanced input voltage is rare. The 3-1 MC's output power is twice as high as the output frequency fluctuation of the pulsating power and is coupled to the input side [10] , resulting in three-phase input side current distortion. Control of the 3-1 MC under unbalanced input condition is more difficult than that of a three-phase matrix converter. The input power unbalance and the converter pulsating power are two factors, which makes the input current control more unfavorable. Therefore, how to optimize the input current of 3-1 MC under FIGURE 1. Three-phase to single-phase matrix converter with power decoupling unit.
unbalance input condition is very important for its practical application.
In order to achieve the control objectives mentioned above, a closed-loop control strategy of input voltage positivesequence and virtual DC current is designed. This strategy can effectively reduce the harmonic content of input current and achieve the stability of control target of output voltage.
II. 3-1 MC POWER DECOUPLING CONTROL WITH ELECTRICAL INDUCTANCE
In Fig. 1 , the single-phase load passes the filter L O C O to the output side of the 3-1 MC. The electrical inductance L C is used as the pulsating power decoupling phase, which realizes the complete compensation of the output phase pulsation power through modulation control.
The output voltage is set to
, and the output current is set to
, where ω o is the output angular frequency, and ϕ o is the load impedance angle. The output power of the 3-1 MC is
The output power contains twice the output frequency of the pulsating power. To analyze the compensation relationship of decoupling relative to the pulsating power, the topology of Fig. 1 is equivalent to the virtual rectification link (CSR) and virtual inverter link (VSI) shown in Fig. 2 . The connecting line of the two parts is the virtual DC bus; u dc is the virtual DC bus voltage, and i dc is the current of the virtual DC bus.
In Fig. 2 , the CSR part is equivalent to a three-phase bridge rectifier, and u dc is approximately constant. To maintain constant input power, i dc must be constant. The modulation function between i dc and compensating inductor L C is as follows: f c = h c · sin(w o t + ϕ c ), where h c is the modulation ratio, and ϕ c is the decoupling phase control angle. The relation of DC bus flowing to compensate inductance current i dc−L C and
The output current modulation function is f m = h m · sin(w o t), where h m is the output phase modulation ratio. The DC bus to the output phase current is
In the formula, I o is the valid value of output current. According to Equations (2) and (3), the virtual DC current i dc is
To make i dc a constant DC,
In other words, when h c and ϕ c meet
At this time, in i dc , two pulse components are offset, and i dc only contains DC components. The pulsating power and decoupling inductance power completely cancel out the output phase pulsation power, thereby realizing the power decoupling control of the 3-1 MC.
III. INPUT CURRENT ANALYSIS UNDER UNBALANCED INPUT VOLTAGE CONDITION
When the input voltage is unbalanced, the input voltage of the 3-1 MC is equivalent to that of the positive-sequence and negative-sequence voltage components [11] . In particular, u i = u ip e jω i t + u in e −jω i t . The same output voltage can be expressed as u o = u op e jω o t + u on e −jω o t , and the output current can be expressed as i o = i op e jω o t + i on e −jω o t , ignoring switching device loss and other factors. According to the relationship between input and output power balance, the input current vector is ψ = u i e −jϕ , and the input current is [11] : where * is the conjugate of the corresponding vector [11] . Considering the system for single-phase power output, the input current is
In the formula,
on is for the output average power of the converter, whereas C 2 = u op i on + u on i op is for the output phase power pulsation part. Given the power decoupling unit is used as the output pulse dynamic power compensation, C 2 can be regarded as zero.
To achieve the unit power factor in the traditional control strategy, the input current vector usually adopts the input voltage as reference. The input current vector is the same phase as the input voltage vector, as shown in Fig. 3 (a) , and the input current [12] is expressed as follows:
Where n represents the harmonic number of the input current and
is the ratio of the negative-and positivesequence voltage, it can be called voltage asymmetry. From Equation (9), we can conclude that the harmonics are related to the asymmetry.
In the control strategy mentioned in [13] , the current reference vector is set to ψ = u * ip e jω i t − u * in e −jω i t , and the control effect of input current optimization is realized. However, the positive-and negative-sequence voltage must be measured synchronously and timely, and the required storage space and calculation precision are high. Meanwhile, the vector trajectory of the unbalanced input voltage in the traditional control method is no longer circular but elliptical, and the output of the PLL used by the control system will produce distortion. When the system adopts space vector control (SVPWM), the input current phase region is divided by the PLL error and becomes inaccurate. Thus, the input voltage positivesequence component is proposed as the current reference vector, as shown in Fig. 3 (b) . The input current reference vector ψ = u ip e jω i t is input into Equation (7) 
and is deduced as
In the following equation,
Evidently, u in e jω i t corresponding to the negative sequence component and u * in e −j(3ω i t+ϕ n +2ϕ p ) corresponding to the third harmonic is the two vectors of module equality. The worst case is the two vectors with the same phase. Equation (11) is i i = C 1 u * ip e −jω i t +u in e jω i t . The corresponding current vector is shown in Fig. 4 (a), which is consistent with the traditional control strategy. The optimal case is the two-vector inverse phase, as shown in Fig. 4 (b) . There are only the positivesequence current, the negative-sequence current and third harmonic cancelling one another. Therefore, the overall harmonic content is better than the conventional current vector following the input voltage vector.
IV. BUCK-TYPE 3-1 MC MODELING
The input and output of 3-1 MC are all traffic flow. Due to the addition of the compensation inductor for power decoupling, time varying and nonlinear factors are added in the traditional matrix converter model. Therefore, a small-signal model is derived based on establishing the average signal model of 3-1 MC [12] , which contains decoupling unit by separating the disturbance. The model is modified to design the closed-loop control strategy, thereby meeting the performance requirements of the converter.
A. MODELLING OF THE AVERAGE SIGNAL OF 3-1 MC
The CSR mathematical model is combined with 3-1 MC power decoupling topology AC-DC-AC equivalent circuit using the method of average switching model; the model can be expressed as
where j = a, b, c. Using KCL, the mathematical model of VSI can be represented as:
The state equation of 3-1 MC power decoupling topology in the static coordinates is combined with Equation (4) in the relationship between the virtual DC currents i dc , i o and i c , which can be expressed as follows (15) , as shown at the bottom of this page.
The state equation of the synchronous rotating coordinate system is (16) , as shown at the top of the next page.
From the above deduction, the equation can be expressed as
B. SMALL-SIGNAL MODELING OF 3-1 MC
The small-signal model of the average variable separation disturbance should be constructed to obtain the linear model of 3-1 MC. This approach is performed by ignoring the quantitative disturbance and high-order small-signal component to further eliminate time variables and considering only the disturbance from the output side under the condition of load and input source changes. The average signal variable in the average signal model is assumed as [12] :
Substituting Equation (4), the equation can be expressed as
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The small-signal component of the output current and power decoupling inductor is
Combining Equations (19) , (20) and (21) can be expressed as follows:
Equation (22) shows the linear relationship between the small-signal components of the virtual DC current and those of the virtual DC voltage. Equations (20) and (21) show the relationship between the output current and power compensation current of the virtual DC. Using i dc instead of i o and i Lc in Equations (15) and (17) of the 3-1 MC state, the entire model contains no AC components.
Under the d-q coordinate, the d-axis and q-axis current of 3-1 MC average signal model mutual coupling are indicated. Therefore, feed forward decoupling [13] is conducted, which can result in the independent control loop of the d-axis and qaxis. Meanwhile, separating all the small-signal components in Equation (16) to obtain 3-1 MC small-signal model under the d-q coordinate results in
Based on Equation (23), the small-signal equivalent circuit of 3-1 MC power decoupling topology in d-q coordinate system after feed forward decoupling can be expressed as
The small-signal model shown in Figure 5 can be obtained from the Equation (24). The model simplifies the original complex time varying of the 3-1 MC mathematical model, which is considerably significant to the research and design of closed-loop systems.
V. IMPLEMENTATION OF CONTROL STRATEGY UNDER UNBALANCED INPUT CONDITION
To realize the control requirements of the output voltage stability while 3-1 MC reduces the input current harmonics under unbalanced input voltage, a new control strategy is designed, and the control system is shown in the Fig. 6 .
The control system can be divided into four parts: the positive sequence component extraction, the closed loop control link, the dynamic duty cycle calculation and the PWM controller. The positive-sequence voltage is used as the input current vector reference. Although the input current sector is evenly and accurately divided, the output voltage may fluctuate due to unbalanced input voltage. The dynamic modulation ratio used instead of the fixed value modulation ratio [9] in the control link, so the output voltage is constant. The closed-loop control loop is designed according to the small signal model described in the previous paper so that the control system meets the actual operating conditions of the load fluctuation. Next, the specific functions and implementation methods of the four parts will be illustrated respectively.
A. EXTRACTION OF POSITIVE SEQUENCE VOLTAGE PHASE
The positive sequence calculation block is shown in Fig. 7 . To accurately and rapidly detect the phase of the positive-sequence component in the proposed control strategy, the dual d-q coordinate transformation of the input voltage constitutes the software phase-locked loop [14] - [16] . When the input voltage is unbalanced, the three-phase asymmetric voltage can be decomposed into the superposition of the positive-and negative-sequence components. In the positive-and negative-order d-q coordinate system, the expressions are u sd+ = U m1 cos(ωt −θ)+U m2 cos(−ωt −θ +ϕ −1 ) u sq+ = U m1 sin(ωt −θ )+U m2 sin(−ωt −θ +ϕ −1 )
u sd− = U m1 cos(ωt +θ )+U m2 cos(−ωt +θ +ϕ −1 ) u sq− = U m1 sin(ωt +θ )+U m2 sin(−ωt +θ +ϕ −1 )
By compensating the q-axis component of the positiveorder rotation coordinate system, the q-axis component is 0.
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The fast and accurate detection of the positive-sequence voltage phase can then be achieved [17] , [18] . In the formula (25), the q-axis component is expanded:
where, U m2 cos ϕ −1 and U m2 sin ϕ −1 are the DC components of the d-axis and q-axis of the negative-sequence component, respectively, as shown by u sd− , u sq− . When the PLL exactly unlocks, ωt =θ , the negative-sequence dq-axis component in formula (26) can be obtained via a low-pass filter (LPF), and then, formula (27) can be reduced to:
The positive-sequence voltage phase is divided as the input current phase region into the reference vector, and the division of the input current phase by the PLL error is avoided.
B. DYNAMIC MODULATION RATIO DESIGN
Given the unbalanced input voltage, the amplitude |u i | of the input voltage space vector u i is no longer the constant value in the stationary coordinate system. To ensure that the output voltage is stable, the dynamic modulation ratio is substituted for the fixed value modulation ratio in the design.
The input three-phase voltage is transformed by Clarke to |u i | = u 2 iα + u 2 iβ , because the virtual DC bus voltage u dc = √ 3/2 |u i | m c cos ϕ i . The virtual inverter modulation ratio m v = |U om | /u dc , |U om | is the amplitude of the singlephase output instruction voltage u * o . Considering the unit power factor, the output phase dynamic modulation ratio is h m = 2 3 k·|U om | |u i | , where h c is obtained by h m in Equation (6) . The modulation ratio coefficient k (0 < k < 1) can be set according to the specific needs of the control. When k = 1 for the maximum modulation ratio, the modulation ratio is usually set to less than 1 of the value to ensure that the dynamic modulation ratio can suppress output voltage fluctuations.
C. CLOSED-LOOP CONTROL OF 3-1 MC POWER DECOUPLING TOPOLOGY
The mathematical model of the small signal equivalent circuit and Equations (19)- (22) of the 3-1 MC power decoupling topology shows that the small signal of the virtual DC bus currentĩ dc is still the small signal of the output currentĩ o . The small signal of the power compensation phase current i c is synthesized and has a linear relation with the small signal component of the virtual DC bus voltage. For VSI, the bus current determines the output current and powercompensating phase current. Therefore, the virtual DC current as the outer loop control can indirectly control the output current and power compensation phase current change; the use of direct flow instead of the inverter side output of the AC volume is conducive to the control loop [11] . In the current inner loop of the virtual rectifier side, the control value is i sd , which is defined as follows [14] :
where R re is the parasitic resistor of filter inductance. The resistance value is small such that ωR re C 1, so the coupling of the closed-loop control system is small. This item is ignored, and the input side current is decoupled. The current D-axis active component i * sd is given by the outer ring, whereas the Q-axis var component i * sq is zero, which maintains the input power reactive component at zero and realizes the unit power factor input.
The output current and compensating current are modulated to the virtual DC side after the superposition of i dc and virtual DC current i * dc as follows:
where m i is the virtual rectifier modulation ratio. The visible current outer loop realizes the dynamic decoupling control of the output current of the compensating current, eliminates the pulsating power of the output phase, and achieves the control target of the input current optimization and output voltage stability. i * sd , i * sq coordinately transform to i * sα , i * sβ . Subsequently, the phase angle of input current vector is θ = arctan
, and the sector is partitioned according to θ [3] . The virtual rectification side is controlled by SVPWM. The virtual inverter side can directly relate to f m and f c as output sector partition instruction because of u o /u Lc = f m /f c .
D. PWM CONTROLLER DESIGN
The virtual rectification side takes the strategy of Space Vector Modulation (SVPWM). The rectifier is a type of threephase symmetric input current source rectifier. The space vector distribution of input current is shown as Fig.8 (a) . There are six input sections divided by six valid input current vectors and in addition three zero vectors I 0 (I 7 , I 8 , I 9 ) [19] . When input current space vector turns into one section, shown as Fig.8(b) , the current can be synthesized from two useful switch vectors and any zero vectors in this section. The formula is as follows:
where :
In formula (32), I iR is the reference space vector of input current. d µ , d ν respectively refers to the action time in a switch period of two adjacent switch vectors. d 0i refers to the action time in a switch period of input current zero vector. And θ sc is derived from the remainder of θ dividing π 3 mentioned in the previous part.
The virtual inverter side is a voltage source inverter which the output has only two-phase and are asymmetric. The output voltage vector is shown in Fig.9 . ϕ c is the angle between the load output voltage vector and the power compensation phase voltage vector. Let y-axis be vertical to the load output phase voltage vector. The right part of y-axis is the positive part of load output phase voltage vector while the left part is the negative. Y-axis divides the positive and negative of load output phase voltage vector. In addition, ψ -axis divides the positive and negative of power compensation phase inductance and voltage vector. Thus, the output voltage vector space of virtual inverter side is divided into four sections by y-axis and waxis.
As is shown in the four sections, the calculation is based on the respective modulation function as duty ratio. And the corresponding duty ratio is respectively as follows:
The modulation strategy of three-phase to single-phase matrix convertor is derived from coupling virtual rectification and virtual inverter. There are 24 combinations of sections and in a switch period of each section combination, the duty ratio of corresponding switch can be expressed as:
In formula (34), d 0 refers to zero vector duty ratio. When calculating the action time of switch combination according to the duty ratio,
When the sum of t 1 ∼ t 4 is larger than T s , the normalization processing to time slice signal is needed. And the processing method is:
VI. SIMULATION AND EXPERIMENTAL VERIFICATION
In order to verify the validity of the proposed control strategy, a simulation model by Matlab of 3-1MC is built. The simulation parameters are:
In order to compare the proposed control strategy and the traditional 3-1MC control strategy, the simulation waveform is shown in Fig.10 when there is a switch at 0.5 second from traditional strategy to proposed strategy. In Fig.10 , the VOLUME 6, 2018 output voltage pulses obviously under the traditional control strategy and becomes stable after the switch. Simultaneously, the waveform is improved after switching to the proposed control strategy. The input current distorts obviously under the traditional control strategy and improves obviously after the switch. For further quantities analysis, a FFT analysis is taken according to the switch of the two strategies. Fig.11(a) shows that the input current THD is 8.19% under the traditional control strategy and the third harmonics are obvious. Fig11(b) shows that the input current THD is 3.94% under the proposed control strategy and the third harmonic are restrained obviously.
To verify the theoretical analysis and simulation results, the experimental prototype is built. TMS320F28335 is used as the main control chip, and IGBT is used as the switching element, and the commutation strategy adopts four-step commutation [20] . The input power frequency is 20 Hz, and the output frequency is 50 Hz. Considering the unbalanced input voltage, the main input voltage amplitude imbalance, and phase imbalance, the experimental programmable AC source parameters are the same to formula (37). Fig. 12 (a) shows the input voltages, and Fig. 12 (b) illustrates the output voltage and three-phase input current waveform with the current vector control strategy of Fig. 3 (a) . The visible output voltage fluctuation is obvious, and the input current waveform is distorted. Fig. 12 (c) shows the control for the positive-sequence voltage presented in this paper as input current vector and the use of dynamic modulation ratio, which indicates the output voltage is stability, meanwhile, the input three-phase current waveform and symmetry are robust. Fig. 12 (d) shows experimental waveform that the dynamic duty cycle is adopted only, although the output voltage is stably controlled, the input current distortion is obvious.
Experimental waveform and waveform analyses show that only the control method using the dynamic duty ratio can stabilize the output voltage, but the third harmonic in the input current are obvious, this results consistent with the simulation. The input current is measured by power analyzer, the harmonic coefficients of the third harmonic is 19.83%. The proposed strategy can effectively suppress the input current harmonics, and the harmonic coefficient of third harmonic is reduced to 2.17%. The power analyzer test also reveals that the input current THD is 5.34% and the output voltage THD is 3.28%. The output voltage waveform is stable.
The origin software is used to analyze the input current data in Figs. 12 (d) and (e) and obtains the spectra in Figs. 13 (a) and (b) . The proposed control strategy is effective in restraining third-harmonic.
Considering the generality of the control strategy and the application foreground of 3-1 MC in aviation power supply [3] , the experimental verification of the control strategy is respectively made for input and output of 50 Hz and 400 Hz,. The waveform shown in Fig. 12 (f) reveals that the input current harmonics are well controlled, and the output voltage is stable.
VII. CONCLUSION
In this paper, the 3-1 MC control strategy is studied in the unbalanced input voltage. Inductance is used as the power decoupling unit, and the relation between output phase and power decoupling phase modulation function is deduced.
Based on the analysis of input current harmonics under unbalanced input voltage and the establishment of 3-1 MC mathematical model, a double closed-loop control strategy based on virtual DC current is proposed, this strategy combines the input voltage positive-sequence component as input current reference and the dynamic modulation ratio. The experimental results verify the effectiveness of the control strategy.
1) The proposed control strategy can effectively reduce the input current harmonic content while ensuring output voltage stability, it is also easy to implement in the actual system. The third harmonic decreases by nearly 90% compared with traditional control strategy, and the input three-phase current symmetry is better than the dynamic modulation ratio is adopted only.
2) Compared with the traditional control strategy, the proposed control strategy can effectively improve the output voltage fluctuation, enhance the quality of power supply, and have a reference value to the practical application of 3-1 MC.
